Summary
, an experiment was carried out with two cultivars of red beet using the experimental plots of a long-term static fertilization experiment that was begun in 1922 in the Experimental Field of the Institute of Vegetable Crops in Skierniewice. Under assessment was the response of red beet plants to longterm organic, mineral, and organic-mineral fertilization applied at different rates. The highest marketable yield, of all the fertilization combinations, was obtained in each year of the experiment from the each year treatment with manure alone at 60 t·ha -1 . However, the level of red pigments in beet roots from this treatment was low, while that of yellow pigments, and also of nitrates, was high. Fertilization with manure at 60 t·ha -1 in combination with mineral nitrogen fertilization at 60 kg N·ha -1 resulted in a lower marketable yield compared to the treatment with manure only. The roots from the combined treatment, like those from the treatment with manure alone at 60 t·ha -1 , had a low ratio of betanine to vulgaxanthine, and the highest nitrate content of all the fertilization combinations. At lower levels of fertilization with manure (20 and 40 t·ha -1 ), the additional fertilization with mineral nitrogen increased the marketable yield of red beet roots, but it reduced betanine content in 2003, and increased the level of nitrates in both years, in comparison with the corresponding treatments with manure only. Relatively high marketable yields of well-coloured roots with a high betanine content and a low vulgaxanthine content, and a low level of nitrates, were obtained from the treatment with mineral fertilizers applied at the lowest rates (N -60, P 2 O 5 -30, K 2 O -70 kg·ha -1 ). However, as the application rates of these fertilizers increased, the marketable yield of beet roots and their betanine content decreased. At the same time, the level of nitrates in the roots of both cultivars increased. The lowest marketable yields, but of well-coloured beet roots with a low nitrate content were obtained from the zero-fertilization control plots and from the treatment with manure alone at 20 t·ha -1 .
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INTRODUCTION
In 1922, a long-term static fertilization experiment was begun in Skierniewice, in what was then the Experimental Field of Warsaw Agricultural University, and has been continued uninterrupted at the Institute of Vegetable Crops to this day in order to study the response of various vegetable species to organic and mineral fertilization (Chroboczek 1962 , Rumpel 1998 . It is the longest-running static experiment concerning fertilization of vegetables in the world. This experiment was designed, and carried out as such until 1988, as a combination of crop-rotation and fertilization, in which vegetables were cultivated under crop rotation in parallel with monoculture. However, the monocultural practice resulted in the whole site becoming affected by excessive propagation of a few dangerous pathogens that made it impossible to continue cultivation of some vegetable species. For that reason, as of 1989, cultivation of vegetables in monoculture was abandoned (Rumpel 1998) . Over the period of various studies, some of the fertilization treatments, especially those that became duplicated after the monocultural practice had stopped, were from time to time subjected to various modifications by introducing new treatments, e.g. combined organic-mineral fertilization, or fertilization with only two macroelements. During the period , in the treatments with mineral fertilization only, fertilizer application rates were changed 3 times, increasing each time in accordance with the fertilization trends existing at the time. At the lowest fertilization level they were increased as follows: N from 12 to 75 kg·ha -1 , P 2 O 5 from 22 to 50 kg·ha -1 , and K 2 O from 40 to 100 kg·ha -1 , whereas at the second and third level they were twice and three times higher, respectively. The highest of the quoted NPK doses were used in 1980-2001. In view of the worldwide trends aiming at reducing fertilization out of concern for the environment, it was decided, as of 2002, to lower mineral fertilization rates to 60 kg N, 30 kg P 2 O 5 , and 70 kg K 2 O per 1 ha at the lowest level, with proportional adjustments at the other levels.
Because of its high dietary value and good flavour, and the many different ways it can be processed, the red beet is one of the most popular vegetables grown in Poland. It owes its organoleptic properties mainly to the large sugar content (7-10%), and the beautiful colour which derives from the presence of betalains, among which there are red-purple betacyanins (mainly betanine) and yellow betaxanthines (mainly vulgaxanthine). The colour effect depends on the ratio of red pigments to yellow pigments (Elbe et al. 1974) . Studies have shown that the colour compounds in red beet have cytotoxic properties towards cancerous cells (Bujanowska 2003) . The concentration of those compounds in beetroot juice is influenced by genetic factors, degree of plant maturity, cultivation conditions, root size, and the extent of fertilization and the type of fertilizers used (Nilsson 1973 , Michalik & Grzebelus 1995 , Elkner et al. 1997 ,2006 . Apart from many favourable characteristics, the red beet has also undesirable properties. These are mainly associated with a high tendency to accumulate nitrates, whose concentration in the roots can be as high as 3000 mg per kg of fresh weight (Grzebelus 1996) . The greatest effect on the accumulation of NO 3 by red beet plants is exerted by fertilization and weather conditions, and also the type of soil, cultivation period and genetic factors (Flohrova 1991 , Michalik & Grzebelus 1995 , RoĪek 2000 . When grown directly in a manured field or one previously planted to leguminous plants, and also when high rates of mineral fertilization with nitrogen are used, red beet plants show a high tendency for excessive accumulation of nitrates in their edible roots (Sady & Hoszek 2002) .
The aim of the experiment was to determine the effect of long-term organic, mineral, and organic-mineral fertilization on the yielding of red beet plants, and on the concentration of betalain pigments and nitrates in their storage roots.
MATERIALS AND METHODS
The experiment with red beet was carried out in 2003-2004 on the site of the long-term static fertilization experiment located in the Experimental Field of the Institute of Vegetable Crops in Skierniewice. The fertilization experiment is established on a podsolic soil (Mercik et al. 1999) . The fertilization treatments that are part of that experiment and that have been chosen for presentation in this paper are shown in Table 1 . Apart from the zero-fertilization control combination, the treatments can be divided into 3 groups, each with 3 combinations corresponding to three levels of fertilizer application rates: (I) fertilization with manure only, (II) mineral NPK fertilization only, (III) fertilization with manure + mineral nitrogen. Treatments 1-3, with organic fertilization only, have not been changed in any way since 1922. Treatments 4-6, with mineral fertilization only, have undergone periodic changes in respect of the application rates of the particular components. Treatments 7-9, with organic-mineral fertilization, were introduced in 1980 by adding mineral NPK fertilization, at a medium level (M-2), to the previously used three application rates of manure only. These new fertilization combinations were used until 2001. It was then decided that as of 2002, instead of NPK, the treatments would include N only + manure, at different rates. The No. 10 zero-fertilization control combination was introduced in 1993 on those plots which in 1922-92 had been fertilized with NPK at the lowest rate (M-1). All of the fertilizers are applied once a year, every year. Farmyard manure is applied in autumn before pre-winter ploughing, and the mineral fertilizers in spring before sowing or planting vegetables. For mineral fertilization, nitrogen is applied as urea, phosphorus as triple superphosphate, and potassium as potassium sulfate.
The experiment was designed in a two-factorial split-plot system, and carried out in 4 replications. It was conducted with two cultivars of red beetChrobry and Nochowski ("Spójnia" HiNO Nochowo). Red beet plants were grown in a 4-row strip system with the rows spaced at 54 x 32 x 32 x 32 cm. On each plot, 4 rows of each cultivar were sown at an average density of about 20 seed-balls per 1 running metre of row. Two rows from the central part of the plot were allocated for harvesting. The total area of a fertilization plot was 36 m -2 , and the size of the plot for harvesting -7.5 m -2 for each cultivar. Sweet corn was a forecrop for red beet plants grown in 2003, while in 2004 they were grown after the previous crop of red beets. Sowing was carried out on 11 June 2003 and 8 June 2004, and the roots were harvested on 23-25 September and 11-13 October, respectively. Under assessment were the total yield of whole plants (roots + leaves), the total and marketable yields of storage roots, and the concentrations of betalain pigments and nitrates. The marketable yield consisted of roots that were healthy, not cracked, and larger than 2.5 cm in diameter. Chemical analyses of beet roots were carried out immediately after harvest. For that purpose, 20 roots 7-10 cm in diameter were taken from each plot. The root samples were analyzed for nitrates -potentiometrically with a nitrate ion-selective electrode, and for betalains (betanine and vulgaxanthine) -spectrophotometrically according to Nilsson (1970) . The yield-related results and the results of the chemical analyses of beet roots were subjected to an analysis of variance. Mean values were compared with Newman-Keuls test at a significance level of P=0.05.
RESULTS AND DISCUSSION

Effect of long-term fertilization on the yield of red beet
In the experiment, the yielding of red beet plants was to a large extent influenced by the type and rate of long-term fertilization, and to a lesser degree, excluding the control combination, on the year of the experiment and the cultivar. The most effective proved to be the every year fertilization with manure at 60 t·ha -1 , both when manure was used on its own and in combination with applications of mineral nitrogen at 60 kg N·ha -1 . When only manure was used, in both years of the experiment, the total and marketable yields of storage roots, on average for the cultivars, increased significantly as the application rates of manure increased (Tables 2 & 4 ). The highest of those yields, of all the experimental combinations, were obtained when manure was applied at 60 t·ha -1 , and amounted to, respectively, 47.5 and 46. A very beneficial effect of long-term fertilization with manure, particularly at the rates of 60 and 40 t·ha -1 , on the yields of other vegetable crops had also been found on the same experimental site by Chroboczek (1962) , Rumpel (1998) , Rumpel & Ostrzycka (1999), and FelczyĔski (2004) . The highest total yields of whole red beet plants (roots + leaves) in 2003 and 2004 were obtained from the treatment in which manure was applied at 60 t·ha -1 + 60 kg N·ha -1 , and amounted to 76.8 and 73.7 t·ha -1 , respectively (Tables 3 & 5) . In this combination, the additional mineral fertilization with nitrogen increased the share of the leaves in the total yield of whole plants compared to fertilization with manure only. In both years of the experiment, the marketable yield of red beets in this combination was lower than from the treatment with manure alone at 60 t·ha -1 , and in 2003 that yield was even significantly lower. In the organic fertilization combined with mineral nitrogen, the highest increase in yield was obtained from the treatment with 20 t·ha -1 manure + 180 kg N·ha -1 . In both years of the experiment, this combination produced a significant increase in marketable yield under the influence of mineral fertilization with nitrogen in comparison with a similar treatment with manure only. In the treatment with manure at the rate of 40 t·ha -1 , the additional mineral fertilization with nitrogen at 120 kg N·ha -1 did not have any large effect on the marketable yield in 2003, but resulted in a significant increase in that yield in 2004. Note: see Table 1 * Total weight of roots and leaves of red beet plants On average for the cultivars and the three levels of fertilization, the worst results, besides the zero-fertilization control combination, were obtained from the long-term fertilization treatments with mineral fertilizers only (Fig. 2) . In this group of treatments, the highest yields of red beets were recorded at the lowest level of fertilization, and as the fertilizer application rates increased, the resulting yields decreased. In 2004, the differences in the total and marketable yields between the treatments in this group were not significant, but in 2003 significant differences in those yields were found between the lowest fertilization level and the other two levels. Decrease in the yields of vegetables due to long-term mineral fertilization at high application rates had also been observed by Rumpel (1998) Mazur (1995) , and Badora & Filipek (1998) , among others. The yields of beet roots in the control combination without fertilization depended largely on the year of the experiment. In 2003, they were about twice as high as those in 2004, with the yields in 2004 being significantly lower than those obtained in all the other experimental combinations. In 2003, the marketable yield from the control plot did not differ significantly from those obtained in the two treatments with manure at 20 t·ha -1 and at the two higher levels of mineral fertilization, but was significantly lower than the yields obtained in the other four combinations. High yields of carrot and red beet from control plots without fertilization, compared to treatments with fertilizers, were also obtained in the experiments by Sady & Hoszek ( 2002) . Of the two cultivars used in the experiment, the cultivar Nochowski was found to have produced significantly higher yields in 2003, but in 2004 higher total and marketable yields were obtained with the cultivar Chrobry, with the differences in marketable yield being significant. In 2003, the share of the marketable yield in the total yield of whole plants (roots + leaves) ranged, on average for the cultivars, from 52.9% in the treatment with manure alone at 20 t·ha -1 to 62.2% in the treatment with manure alone at 60 t·ha -1 , whereas in 2004 from 47.6% in the control to 66.5% in the treatment with manure alone at 40 t·ha -1 .
Effect of long-term fertilization on the quality of red beet roots
The concentration level of betalain pigments in red beet roots determines to a great extent their quality, particularly as a raw material for processing. A predominance of red pigments over yellow ones imparts a beautiful purple-red colour to beetroot juice (Wolyn & Gabelman 1986) . The concentrations of red and yellow pigments in beet roots in the two years of the experiment are presented in Tables 6 and 7 . The data indicate that the concentration of betalain pigments in the roots varied and depended on the type and rate of fertilization, as well as on the cultivar and the year of cultivation. The most favourable colour, represented by a high ratio of betanine to vulgaxanthine, was found in the roots of both cultivars, in both years of the experiment, fertilized annually with manure at the lowest rate (20 t·ha -1 ), and in those provided with a single dose of mineral fertilization (N -60, P 2 O 5 -30, K 2 O -70 kg·ha -1 ), and after that in the control treatment. On the other hand, the least favourable colour, represented by a low ratio of betanine to vulgaxanthine, was found in the roots from the plot fertilized with manure at 60 t·ha -1 + 60 kg N·ha -1 , and from the plot fertilized with manure alone at 60 t·ha -1 , and after that from the plot fertilized with the highest doses of mineral fertilizers. In general, with a few exceptions, as the application rate of manure or mineral fertilizers increased, the betanine content in the roots of both cultivars decreased while the vulgaxanthine content increased, resulting in a less favourable colour of the roots. The smallest differences in the concentration of both pigments were observed between the combinations with organic-mineral fertilization. For all of these three combinations, betanine content was low, with vulgaxanthine content relatively high, which thus gave a low concentration ratio of red to yellow pigments. Michalik & Grzebelus (1995) , and Ugrinoviü (1999) also found an unfavourable effect of high nitrogen fertilization rates on the betanine content in the roots of red beet, except that according to these authors the ratio of the red to yellow pigments was above all influenced by the genetic properties of the cultivars. The results compiled in Table 8 indicate that beet roots of the cultivar Chrobry had a more favourable colour than those of cv. Nochowski, since in both years of the experiment, on average for all the treatments, they had a higher ratio of red to yellow pigments. The mean betanine content in cv. Chrobry, in both years of the experiment, was significantly higher than in cv. Nochowski. Conversely, the vulgaxanthine content in cv. Chrobry was lower than in cv. Nochowski, with the difference between these cultivars being significant in 2003. Higher concentra-tions of betanine and lower concentrations of vulgaxanthine in the roots of the cultivar Chrobry, in comparison with the roots of the cultivar Nochowski, were also found by Litka (1996) in a two-year-long study. Many researchers are of the opinion that the biosynthesis of betanine and vulgaxanthine in red beet, apart from other factors, is also greatly influenced by weather conditions during vegetation. For that reason, considerable differences in the ratio of red to yellow pigments had been observed in different years (Nilsson 1973 , Sobkowska & Kaczmarek 1991 , Michalik & Grzebelus 1995 . Likewise, in the present experiment, there were large differences in the ratio of red to yellow pigments in the roots of red beet depending on the year of cultivation (Table 8) . Note: see Table 1 The results concerning the concentration of nitrates in beet roots immediately after harvest are presented in Figures 3 and 4 . The obtained data show that the highest levels of nitrate concentration in both years of the experiment were present in the roots of both cultivars from the treatments with manure combined with mineral nitrogen fertilization. Particularly high levels of nitrates, clearly different from those of the other treatments and considerably exceeding the permissible amount (1500 mg·kg -1 f.w. -Law Gazette No. 37, Item 326, 2003) , were recorded in 2003 for the treatment with manure at 60 t·ha -1 + 60 kg N·ha -1 (approx. 2827 mg NO 3 kg -1 f.w. on average for cultivars), and for the treatment with manure at 40 t·ha -1 + 120 kg N·ha -1 (approx. 2606 mg NO 3 ·kg -1 f.w.). High levels of nitrates were also recorded in the roots of both cultivars grown on manure alone applied at 60 t·ha -1 , and in those treated at the highest level of mineral fertilization (N -180, P 2 O 5 -90, K 2 O -210 kg·ha -1 ). High levels of nitrates were also recorded in the roots of both cultivars grown on manure alone applied at 60 t·ha -1 , and in those treated at the highest level of mineral fertilization (N -180, P 2 O 5 -90, K 2 O -210 kg·ha -1 ). The lowest nitrate concentrations were found in the roots of both cultivars from the annual treatment with manure at 20 t·ha -1 , and from the control plot.
The results compiled in Table 8 reveal considerable differences in the bioaccumulation of nitrates depending on the cultivar and the year of cultivation. Similar relationships had been revealed by Grzebelus (1996) , Michalik & Grzebelus (1995) , Elkner et al. (1997) . In both years of the present experiment, the roots of the cultivar Nochowski accumulated significantly more nitrates that those of cv. Chrobry, which agrees with the results obtained by Litka (1996) . On average, a significantly higher level of nitrates in the roots of red beet plants was recorded in 2003 than in 2004. According to Nowacki (1980) , prolonged periods of drought result in an increase in nitrate concentration because of the change in their uptake from the soil and a considerable decrease in the rate at which they are reduced in plant tissues. In 2004, due to a serious lack of rainfall (Fig.1) , the red beet plants were irrigated far more intensely, especially in the second half of the vegetation period, than in 2003, which probably contributed to the lower accumulation of nitrates, and of betanine also, in the roots. Beet roots from this treatment, like those fertilized with manure alone at 60 t·ha -1 , had a very low ratio of red to yellow pigments and a nitrate content that was the highest of all the experimental combinations. 3. At lower rates of fertilization with manure (20 and 40 t·ha -1 ), the additional fertilization with mineral nitrogen increased the marketable yield of red beets, but in 2003 it reduced betanine content, and in both years of the experiment it caused an increase in the nitrate content in the roots in comparison with the corresponding treatments with manure only. 4. Relatively high marketable yields of well-coloured roots, with a high concentration of red pigments and a low concentration of yellow pigments, and with a low nitrate content, were obtained from the treatment with mineral fertilizers applied at the lowest rate (N -60, P 2 O 5 -30, K 2 O -70 kg·ha -1 ). As the fertilizer application rates increased, the marketable yield of red beet roots and their betanine content decreased, but the level of nitrates increased in both cultivars. 5. The lowest marketable yields, but of well-coloured roots with a low nitrate content, were obtained from the zero-fertilization control plot and from the plot fertilized with manure alone at 20 t·ha -1 . 6. The cultivar Chrobry was marked by a lower tendency for accumulating nitrates, and contained more betanine and less vulgaxanthine than the cultivar Nochowski. Both cultivars contained, on average, significantly more betanine, and more nitrates, in 2003 than they did in 2004.
WPàYW WIELOLETNIEGO NAWOĩENIA MINERALNEGO I ORGANICZNEGO NA PLONOWANIE I JAKOĝû BURAKA ûWIKàOWEGO (BETA VULGARIS L.) Streszczenie W latach 2003-2004 przeprowadzono badania z burakiem üwikáowym, wykorzystując obiekty wieloletniego, statycznego doĞwiadczenia nawoĪeniowego, zapoczątko-wanego w 1922 roku na Polu DoĞwiadczalnym Instytutu Warzywnictwa w Skierniewicach. W doĞwiadczeniu tym badano reakcjĊ buraka üwikáowego na wieloletnie nawoĪe-nie organiczne i mineralne, a takĪe organiczno-mineralne, stosowane w zróĪnicowanych dawkach. NajwyĪszy plon handlowy, spoĞród wszystkich badanych obiektów, uzyskano w kaĪdym z lat badaĔ przy corocznym stosowaniu samego obornika w dawce 60 t·ha -1 . Buraki z tego obiektu miaáy jednak niski poziom barwników czerwonych, a wysoki barwników Īóátych oraz azotanów. NawoĪenie obornikiem w dawce 60 t·ha -1 w poáą-czeniu z nawoĪeniem mineralnym azotem w dawce 60 kg N·ha -1 spowodowaáo obniĪe-nie plonu handlowego, w porównaniu do obiektu nawoĪonego samym obornikiem. Buraki z tego obiektu, podobnie jak z obiektu nawoĪonego samym obornikiem w dawce 60 kg·ha -1 miaáy niski stosunek betaniny do wulgaksantyny oraz najwyĪszą spoĞród wszystkich badanych obiektów zawartoĞü azotanów. Przy niĪszych poziomach nawoĪe-nia obornikiem (20 i 40 t·ha -1 ) dodatkowe nawoĪenie N mineralnym zwiĊkszyáo plon handlowy buraków, ale w roku 2003 obniĪyáo zawartoĞü betaniny, oraz w obu latach badaĔ zwiĊkszyáo poziom azotanów w korzeniach buraków, w porównaniu do odpowiednich obiektów nawoĪonych tylko obornikiem. Stosunkowo wysokie plony handlowe dobrze wybarwionych buraków, o wysokiej zawartoĞci betaniny i niskiej zawartoĞci wulgaksantyny oraz o niskiej zawartoĞci azotanów uzyskano w obiekcie nawoĪonym najniĪszymi dawkami nawozów mineralnych (N-60, P 2 O 5 -30, K 2 O-70 kg·ha -1 ), a w miarĊ zwiĊkszania dawek tych nawozów plon handlowy buraków oraz zawartoĞü w nich betaniny obniĪaáy siĊ. JednoczeĞnie poziom azotanów w korzeniach u obu odmian wzrastaá. NajniĪsze plony handlowe, ale równieĪ dobrze wybarwione buraki, o niskiej zawartoĞci azotanów uzyskano w nie nawoĪonej kontroli i w obiekcie nawoĪonym samym obornikiem w dawce 20 t·ha -1 .
